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Cortical collecting ductWe used the perforated whole-cell recording technique to examine the effect of with-no-lysine kinase 4
(WNK4) on the Ca2+ activated big-conductance K channels (BK) in HEK293T cells transfected with BK-α
subunit (BK-α). Expression of WNK4 inhibited BK channels and decreased the outward K currents.
Coexpression of SGK1 abolished the inhibitory effect of WNK4 on BK channels and restored the outward
K currents. Expression of WNK4S1169D//1196D, in which both SGK1-phosphorylation sites (serine 1169 and 1196)
were mutated to aspartate, had no effect on BK channels. Moreover, coexpression of SGK1 had no additional
effect on K currents in the cells transfected with BKα + WNK4S1169D//1196D, suggesting that SGK1 reversed
WNK4-induced inhibition of BK channels by stimulating WNK4 phosphorylation. Expression of WNK4 but not
WNK4S1169D//1196D increased the phosphorylation of ERK and p38 mitogen-activated protein kinase (MAPK);
an effect was abolished by coexpression of SGK1. The role of ERK and p38 MAPK in mediating the effect of
WNK4 on BK channelswas further suggested by the ﬁnding that the inhibition of ERK and P38MAPK completely
abolished the inhibitory effect of WNK4 on BK channels. In contrast, inhibition of MAPK failed to abolish the in-
hibitory effect of WNK4 on ROMK channels in both HEK cells and Xenopus oocytes. Expression of dominant neg-
ative dynaminK44A (DynK44A) or treatment of the cells with dynasore, a dynamin inhibitor, not only increased K
currents but also largely abolished the inhibitory effect of WNK4 on BK channels. However, inhibition of MAPK
still increased the outward K currents in the cells transfected with BKα + WNK4 and treated with dynasore.
Similar results were obtained in experiments performed in the native tissue in which inhibition of ERK and
p38MAPK increasedBK channel activity in the cortical collecting duct (CCD) treatedwith dynasore.We concluded
that WNK4 inhibited BK channels by stimulating ERK and p38 MAPK and that activation of MAPK byWNK4 may
inhibit BK channels partially via a mechanism other than stimulating endocytosis.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
WNK4 plays an important role in regulating Na and K transport in
the aldosterone-sensitive distal nephron (ASDN) [13,27,31,37]. Themu-
tation of WNK4 causes familial hyperkalemic hypertension, an autoso-
mal dominant disease characterized by salt-sensitive hypertension,
hyperkalemia and renal tubule acidosis (Pseudohypoaldosteronism
type II, PHAII) [15,27]. A large body of evidence suggests that WNK4-
induced hyperkalemia is, at least in part, the results of inhibition of the
small-conductance K channel (ROMK/Kir1.1) expressed in the ASDN
[13,20,37]. ASDN is responsible for renal K secretion which mainly
takes place in the principal cell (PC) of connecting tubule and the CCD
under normal dietary K intake. The K secretion in PC is a two-step
process: K enters the cells through the Na–K–ATPase and leaves the
cells across the apical membrane through K-secretory channels
[5–7,12,25,35]. Although ROMK channels are mainly responsible forgy, New York Medical College,
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rights reserved.mediating K secretion during normal dietary K intake [9,39], BK chan-
nels are critically involved in mediating K secretion when the tubule
ﬂow rate is high or dietary K intake increases [3,28,34,41]. Moreover,
a large number of studies has suggested that BK channels in intercalated
cell (IC) play a role inmediatingK secretionunder conditions such as in-
creasing tubuleﬂow rate[17,18,33]. It has been demonstrated that K en-
ters the IC through basolateral Na/K/2Cl cotransporter and leaves the
cell through the apical BK channels [17]. This ﬁnding provides a mech-
anism by which K enters the IC and is secreted through BK channels. In
contrast, the role of BK channels of PC in K secretion is still not
established because they have a low open probability [26]. We specu-
late that BK channels in PC may be constitutively inhibited by some
unidentiﬁed factors such asWNK4 and that a physiological stimulation
such as hyperkalemia may be able to increase BK channel activity in PC
by suppressing the endogenous inhibitors. A recent study has reported
that WNK4 blocked BK channels expressed in HEK 293 and COS-7 cells
by a mechanism of increasing lysosome degradation [44]. Moreover,
this study demonstrated that WNK4-induced inhibition of BK channels
was kinase dependent since kinase-deadWNK4had noeffect. However,
the signaling pathway by which WNK4 inhibits BK channels is not
2102 P. Yue et al. / Biochimica et Biophysica Acta 1833 (2013) 2101–2110explored. The aim of the present study is to explore the signaling
pathway of WNK4's inhibition of BK channels and to test whether
such signaling pathway also plays a role in regulating BK channels
in PC of the native CCD.
2. Material and methods
2.1. Cell culture and transient transfection
HEK293T cells were purchased from the American Type Culture Col-
lection and grown in Dulbecco's modiﬁed Eagle medium (DMEM)
(Invitrogen) supplemented with 10% FBS (Invitrogen) in 5% CO2 and
95% air at 37 °C. When the cells reached approximately 50–70% conﬂu-
ence, they were transfected with the corresponding cDNAs (0.5 μg
GFP-tagged BKα, 0.5 μg SGK1, 0.5 μg WNK4) using Lipofectamine 2000
transfection reagent (Invitrogen). ΒΚ-α was cloned into pTracerCMV2
vector and ﬂag-tagged WNK4, dynamin and SGK1 were cloned into
pCDNA3. ROMK was cloned into pEGFPC1 vector. We maintained the
total amount of vectors constant for each transfection by adding an
empty transfection vector. The cells were further incubated for addition-
al 24 h after the transfection. For thewhole-cell recording, the cells were
treated with trypsin-containing medium (Tryple Ecpresscare) (Gibco)
for 10 min to detach the cells. The cell suspension (0.2 ml in volume)
was carefully placed into a 5 × 5-mm cover glass coated with polylysin
followed by additional incubation for 30 min to allow the cells to adhere
to the cover glass. The cover glass was transferred to a chamber (1 ml)
mounted on the stage of a Nikon inverted microscope.
2.2. Preparation of CCDs
Sprague–Dawley rats (5 weeks old, either sex) were obtained
from Taconic Farms (Germantown, NY). The animals were fed with
normal rat chow (containing 1% K). To dissect the CCDs, the rats
(b90 g) were killed by cervical dislocation and kidneys were re-
moved immediately. Several thin slices of the kidney (b1 mm) were
cut and placed on an ice-cold Ringer solution for further dissection
of the CCD. The isolated CCD was placed on a 5 × 5 mm cover-glass
coated with polylysin (Sigma) and the cover glass was transferred
to a chamber (1000 μl) mounted on an inverted Nikon microscope.
The tubule was superfused with Hepes buffered NaCl solution
containing 140 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1.8 mM MgCl2
and 10 mMHepes (pH = 7.4). The CCDwas cut openwith a sharpened
micropipette to expose the apical membrane. The protocol for using
animals was approved by an independent animal user committee
(IACUC) at NYMC.
2.3. Patch-clamp technique
The K currents were measured with the perforated whole-cell
patch-clamp technique using an Axon 200A patch-clamp ampliﬁer.
The cells were bathed at room temperature with a high K solution
containing (in mM) 140 KCl, 2 MgCl2, 2 CaCl2, and 10 HEPES,
(pH 7.4). We also added 0.1 mM niﬂumic acid to the bath to block en-
dogenous Cl− channels. Niﬂumic acid at concentrations used in the
present study did not affect BK channel activity. Fluorescence signal
(an indication of positive transfection) was detected with an intensi-
ﬁed video imaging system including SIT 68 camera (Long Island In-
dustries). Borosilicate glass (1.7-mm OD) was used to make the
patch-clamp pipettes that were pulled with a Narishege electrode
puller. The pipette had a resistance of 2–4 MΩ when ﬁlled with
140 mM KCl. The tip of the pipette was ﬁlled with pipette solution
containing 140 mM KCl, 2 mM MgCl2, 0.955 mM CaCl2 (3.6 μM free
Ca2+) 1 mM EGTA, and 10 mM HEPES (pH 7.4). Then, the pipette was
back-ﬁlled with amphotericin B (2 μg/0.1 ml) containing pipette solu-
tion. After forming a high resistance seal (>2 GΩ), themembrane capac-
itance was monitored until the whole-cell patch conﬁguration wasformed. We also measured the cell capacitances, which varied between
24.5 pF and 26 pF. The value was used to normalize the K current and
presented as pA/25 pF.
The same patch-clamp equipment was used for the single channel
patch-clamp and the pipette solution was composed of (in mM): 140
KCl, 1.8 MgCl2, and 10 HEPES (pH = 7.4). The currents were low-pass
ﬁltered at 1 KHz by an eight pole Bessel ﬁlter (902LPF, Frequency De-
vices, Haverhill, MA) and digitized by an Axon interface. Data were
analyzed using the pClamp software system 9 (Axon). Channel activity
deﬁned as NPo (a product of channel number and open probability)
was calculated from data samples of 60 s duration in the steady state as
follows:
NPo ¼∑ t1 þ 2t2 þ ::::::itið Þ
where ti is the fractional open time spent at each of the observed current
levels.
2.4. Preparation of Xenopus oocytes
Xenopus laevis females were obtained from Nasco (Fort Atkinson,
WI). The method for obtaining oocytes has been described previously
[21]. We removed the follicular layer of oocytes under a dissecting mi-
croscope with two watchmaker forceps. After dissection, the oocytes
were incubated over night at 19 °C in a solution containing 66%
Dulbecco's modiﬁed Eagle's medium/F12 medium with freshly added
2.5 mM sodium pyruvate and 50 μg/ml gentamycin. Viable oocytes
were selected and micro-injected with ROMK1 cRNA alone (10 ng) or
with a mixture of ROMK1 (10 ng) and WNK4 (10 ng). The oocytes
were incubated at 19 °C in a 66% Dulbecco's modiﬁed Eagle's medium/
F12 medium, and experiments were performed on day 2 after injection.
To remove the vitellinmembrane, the oocyteswere treatedwith a hyper-
tonic solution containing 220 mM methylglucamine, 220 mM aspartic
acid, 2 mMMgCl2, 10 mMEGTA, and10 mMHEPES (pH 7.2). The animal
use protocol was approved by independent IACUC committee in NYMC.
2.5. Two-electrode whole-cell voltage clamp
A Warner oocyte clamp OC-725C was used to measure the whole-
cell K currents. Voltage and current microelectrodes were ﬁlled with
1 M KCl and had resistance of less than 2 megohm. Series resistance
of the pipette was compensated. The current was recorded on a chart
recorder (Gould TA240). To exclude the leaky current, 2 mM Ba2+
was used to determine the Ba2+-sensitive K+ current.
2.6. Preparation of protein sample and Western blot
The cells transfected with HA-tagged WNK4 were placed in a lysis
buffer containing 150 mM NaCl, 50 mM Tris·HCl, 1% Nonidet P-40
(pH 8.0), and protease inhibitor mixture (1%) (Sigma) was added to the
lysis buffer. The sample was subjected to centrifugation at 13,000 rpm
for 8 min at 4 °C, and protein concentrationsweremeasured in duplicate
using a Bio-Rad Dc protein assay kit. The proteins were resolved by elec-
trophoresis on 8% SDS-polyacrylamide gels followed by transferring
them to nitrocellulose membranes. The membranes were blocked with
5% nonfat dry milk in Tris-buffered saline (TBS), rinsed and washed
with 0.05% Tween20-TBS buffer. The membranes were washed 3 times
with PBS and scanned by Odyssey infrared imaging system (LI-COR) at
a wave-length of 680 or 800 nM.
2.7. Experimental materials and statistics
Antibodies for signal-regulated kinase (ERK), phospho-ERK, p38
MAPK and phospho-p38were obtained from Santa Cruz and antibodies
for SGK1, ﬂag, HA, polyclonal BK-α(KCNMA1) and actin were obtained
from Sigma chemical (St Louis, MO). All chemicals were from Sigma.
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Fig. 1. A whole-cell recording showing the K currents measured with the perforated whole-cell recording in HEK293T cells transfected with BKα in the presence and in the absence
of 100 nM Charybdoxin. The cells were initially clamped at −100 mV and then depolarized to 80 mV at 20 mV step (the protocol of voltage-clamp is included).
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data are presented as mean ± SEM. We used one-way ANOVA test
to determine the statistical signiﬁcance. P b 0.05 was considered to
be signiﬁcant.
3. Results
The perforated whole-cell recording was used to measure the cur-
rents in HEK293 cells transfected with BK-α from −80 to 80 mV at-40 -20
A
-80
-300
-150
0
150
300
450
600
BK
BK+WNK4
*
*
*
mV
pA
BKα+WNK4BKα
250pA
400ms
BKα +WNK4S1169D/S1196DBKα +WNK4+SGK1
B
0mV
80mV
806040200-60
Fig. 2.WNK4 inhibits BK channels. (A) The K currentsmeasuredwith the perforatedwhole-cell
and BKα + WNK4S1169/1196D, respectively. The K currents were measured from−80 to 80 mV
of the BK channels in the presence or in the absence of WNK4. Asterisk indicates the signiﬁcan
summarizes the experiments inwhich the effect ofWNK4/WNK4S1169/1196D on BK channels at 8
the expression of BK-α, WNK4 and SGK1. 1) BK-α, 2) BK-α + WNK4, 3) BK-α + WNK4 + S20 mV step. The cells were bathedwith 140 mMKCl-containing solution
while the intracellular solution (pipette solution) contains symmetrical
140 mMKCl. Application of charybdotoxin largely abolished the outward
current, indicating that the outward currents were largely carried by
charybdotoxin-sensitive BK channels (Fig. 1). In the following section,
we reported only the toxin-sensitive outward K currents.
Fig. 2A is a set of representative recording using the perforated
whole-cell patch technique in HEK293T cells transfected with BKα or
BKα + WNK4. Coexpression ofWNK4 signiﬁcantly inhibited BK channelC
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Fig. 3.WNK4 stimulates ERK and P38 MAPK. (A) A Western blot shows the effect of WNK4 on the phosphorylation of ERK and p38 MAPK, respectively, in the cells transfected with
HA-tagged WNK4. (B) A Western blot demonstrates the phosphorylation level of ERK and p38 MAPK in the cells transfected with WNK4, WNK4$1169/1196D and WNK4 + SGK1. The
normalized results are summarized in a bar graph (bottom panel). Asterisk indicates the signiﬁcant difference between two indicated groups (P b 0.05).
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current(I)/voltage (V) curve (Fig. 2B). The results summarized in Fig. 2B
demonstrate that the outward K currents measured at 80 mV were re-
duced from 540 ± 30 pA (n = 10) to 247 ± 10 pA (n = 6). Because
SGK1 had been shown to reverse the inhibitory effect of WNK4 on
ROMK channels [30], we examined whether SGK1 could also abolish
the inhibitory effect of WNK4 on BK channels by measuring K currents
in the cells transfected with BKα + SGK1 and WNK4. Fig. 2A is a repre-
sentative whole-cell recording demonstrating that coexpression of SGK1
completely reversed the inhibitory effect ofWNK4onBK channels and in-
creased K currents to 600 ± 70 pA at 80 mV (n = 6) (Fig. 2C). To ex-
plore whether SGK1 abolished the WNK4's inhibition of BK channels by
phosphorylation of WNK4 at serine residue 1169 (Ser1169) and Ser1196,
we examined the effect of WNK4S1169/1196D (in which two SGK1-
phosphorylation sites were mutated to aspartate) on BK channels.
Fig. 2A shows a representative whole-cell recording demonstrating that
expression of WNK4S1169/1196D failed to inhibit BK channels. Moreover,
SGK1 did not signiﬁcantly increase K currents in the cells transfectedwith BK-α + SGK1 + WNK4S1169/1196D (BK-α + WNK4S1169/1196D,
610 ± 60 pA; BKα + SGK1 + WNK4S1169/1196D, 630 ± 50 pA)
(n = 7) (Fig. 2C). We also examined the effect of SGK1 on BK-α
with the perforated whole-cell recording. Although coexpression of
SGK1 modestly but signiﬁcantly stimulated BK-α and increased K
currents to 700 ± 70 pA at 80 mV (N = 4) (data not shown), the
value was not signiﬁcantly different from those in cells transfected
with BK-α + SGK1 + WNK4S1169/1196D, 630 ± 50 pA. This suggests
that the stimulatory effect of SGK1 was, at least partially, induced by
modulating WNK4 phosphorylation. This hypothesis was supported
by the observation that expression of WNK4S1169/1196A inhibited BK
channels and decreased K currents to 230 ± 30 pA (n = 4), an effect
which was not abolished by coexpression of SGK1 (data not shown).
Western blotting showed that coexpression of WNK4/WNK4mutant
did not alter the protein expression of BK-α regardless of SGK1
(Fig. 2D). This suggests thatWNK4-induced decrease in BK channel ac-
tivity was the result of either decreasing channel open probability or
channel numbers in the plasma membrane rather than changing BK-α
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effect of WNK4 on BK channels is induced by changing numbers, open
probability or both.
Our previous experiments demonstrated that inhibition ofMAPK ac-
tivated BK channels in PC of the isolated split-open CCD of rat kidney,
suggesting that MAPK plays a role in inhibiting BK channels in PC [16].
BecauseWNK4 stimulatesMAPK by interactingwith Ste20-type protein
kinase [36], WNK4 may inhibit BK channels by activating MAPK. Thus,
we examined whether expression of WNK4 also activated MAPK in
HEK293T cells. Fig. 3A is a representativeWestern blot showing that ex-
pression of WNK4 increased phosphorylation of ERK (p42) and p38
MAPK by 75 ± 15% and 80 ± 10% (n = 5), respectively. However,
the effect of WNK4 on MAPK phosphorylation was absent in the cells
cotransfected with SGK1. Moreover, expression of WNK4S1169/1196D
failed to increase the phosphorylation of ERK and p38 MAPK (n = 4)
(Fig. 3B). We then tested the role of ERK and p38 MAPK in mediating
the effect of WNK4 on BK channels. We used the perforated
whole-cell patch-clamp technique to examine the effect of PD098059,
a speciﬁc inhibitor of ERK1/2 [1], and SB202190, a speciﬁc inhibitor of
p38 MAPK [19], on BK channels with or without coexpression of
WNK4. Fig. 4A is a set of experiments in which the effect of WNK4 on
BK channels was examined in the cells treated with PD098059
(50 μM), SB202190 (5 μM) or both. Data are also summarized in
Fig. 4B showing that in the absence of WNK4, neither PD098059 nor250pA
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Fig. 4. Inhibition of MAPK abolishes WNK4's inhibition of BK. (A) A whole-cell recording sho
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(80 mV) was examined with or without cotransfection of HA-WNK4. (C) A Western blot shSB202190 had signiﬁcant effect on BK channels (PD098059, 560 ±
20 pA; SB202190, 620 ± 20 pA) (n = 6). Lack of stimulatory effect of
either PD98059 or SB202190 may be due to low activity of ERK and
P38 MAPK in the absence of WNK4. However, treatment of cells with
PD098059 and SB202190 slightly but signiﬁcantly increased the BK
channel current to 700 ± 30 pA (n = 6). However, inhibition of ERK
or blocking p38 MAPK partially reversed the inhibitory effect of
WNK4 on BK channels and increased K currents from 250 ± 10 pA
(n = 6) to 400 ± 10 and 443 ± 20 pA(n = 6), respectively. More-
over, treatment of the cells with both MAPK inhibitors completely
abolished the inhibitory effect of WNK4 on BK channels and increased
K currents to 690 ± 30 pA at 80 mV (n = 6) (Fig. 4B). Also, Western
blot showed that inhibition of MAPK did not alter the expression of
BK-α protein expression (Fig. 4C). Therefore, data support the view
that both ERK and p38 MAPK mediated the inhibitory effect of WNK4
on BK channels. The effect of PD098059 and SB202190 on K currents
was the result of inhibition of MAPK because they have no additional
effect on K currents (640 ± 70 pA, n = 4) (data not shown) in the
cells transfected with WNK4$1169/S1196D which does not activate MAPK
(Fig. 3B).
We then extended the study by examining whether the inhibition of
MAPK could also reverse the effect ofWNK4 on ROMK channels with the
perforated whole-cell-recording. The expression of WNK4 decreased K
currents from 1150 ± 80 to 550 ± 60 pA at −80 mV (n = 10) in0
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PD098059 and SB202190 for 30 min failed to abolish the inhibitory effect
ofWNK4 on ROMK channels (560 ± 60 pA). Because a prolonged treat-
ment of the cells with MAPK inhibitors was not possible for conducting
the patch-clamp experiments in HEK293T cells, we carried out the ex-
periments in Xenopus oocytes injected with ROMK1 and WNK4. The in-
hibition of ERK and p38 MAPK failed to abolish the inhibitory effect of
WNK4 on ROMK channels in oocytes injected with ROMK cRNA
(Fig. 5B). WNK4 inhibited ROMK channels and decreased K currents
from 18 ± 2 μA (n = 35 from 6 frogs) to 3.7 ± 1 μA (n = 25 from 6
frogs). Moreover, inhibition of ERK and p38 MAPK had no effect on
WNK4's inhibition of ROMK1 channels because K currents were still
5.5 ± 1.5 μA (n = 20) in oocytes treated with MAPK inhibitors for 3 h
and 6 ± 2 μA for 4 h (n = 15). This valuewas not signiﬁcantly different
from those without MAPK inhibitors (4.4 ± 1 μA, n = 18). Therefore,
the mechanism by which WNK4 inhibited ROMK channels was not the
result of stimulating P38 and ERK MAPK. Thus, WNK4 inhibited ROMK
and BK channels with different mechanisms.
We next examined whether WNK4-induced stimulation of ERK and
p38 MAPK inhibited BK channels by enhancing the endocytosis of BK
channels. We ﬁrst measured K currents in HEK293T cells transfected
with BK-α + dynamin or BK-α + dynaminK44A (DynK44A), which
lacks normal GTPase activity thereby preventing scission of newly formed
vesicles from plasmamembrane[23]. Fig. 6A is a set of whole-cell record-
ings showing that coexpression of DynK44A signiﬁcantly increased K
currents from 540 ± 30 pA to 830 ± 23 pA (n = 6). However, this in-
crease in K currents was impossibly induced by augmenting protein ex-
pression of BK-α (Fig. 6c) because the protein levels of BK-α in the cells
transfected with DynK44A were similar to that with wt dynamin which
did not signiﬁcantly affect K currents (440 ± 100 pA, n = 4). But, inhibi-
tion of dynamin largely abolished the effect of WNK4 on BK (750 ±
32 pA, n = 6) (Fig. 6B). Moreover, Fig. 6C shows that the protein expres-
sion levels of BK-α are similar among 5 groups (n = 4). Similar results
were obtained in the cells treated with 5 nM dynasore, a membrane per-
meable dynamin inhibitor [14]. Fig. 7A is a set of whole-cell recordings
showing that application of dynasore not only increased K currents
(950 ± 25 pA, n = 6) but also nearly abolished the effect of WNK4 on
K currents in the cells transfected with WNK4 + ΒΚα (850 ± 25 pA,
n = 6). However, inhibition of ERK and p38 MAPK still signiﬁcantly in-
creased K currents to 1230 ± 35 pA (Fig. 7B) in the cells treated withI
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(P b 0.01). Experimental number of each point is ranged from 15 to 35 experiments.dynasore. This suggests the possibility that stimulation of MAPK inhibits
BK channels, at least partially, by a mechanism other than enhancing
endocytosis.
After demonstrating that inhibiting MAPK increased BK channel
activity in HEK293T cells treated with dynasore, we tested whether
inhibition of MAPK could also activate the BK channels in the
split-open CCD of the rat kidney treated with the dynamin inhibitor.
We conﬁrmed the previous ﬁndings that inhibition of ERK and P38
MAPK increased BK channel activity in PC of the split-open CCDs
(Data not shown) [16]. We then performed the single channel
patch-clamp experiments to examine the effect of PD098059 and
SB202190 on BK channels in the dynasore-treated CCDs. Treatment of
CCD with 5 nM dynasore for 20–30 min did not increase BK channel
activity in PC under basal condition. Moreover, it did not abolish the
stimulatory effect of MAPK inhibitors on BK channels. Fig. 8 is a channel
recording made in a cell-attached patch showing that inhibition of ERK
and p38MAPK still increased BK channel activity in PC of the split-open
CCD treatedwith dynasore. Adding 50 μMPD098059 + 5 μMSB202190
stimulated BK channel activity in three patches from a total of 12 patches
and increased NPo from 0.02 ± 0.01 to 0.19 ± 0.4 (n = 12) in the CCDs
treated with dynasore. The negative response to MAPK inhibitors in
the remaining 9 patches was possibly due to lack of BK channel activity
because no BK channel activity was observed when the patch was ex-
cised in a high Ca2+-containing bath solution. Thus, inhibition of
MAPK kinase increased BK channel activity in PC in the presence or in
the absence of dynasore in the isolated CCD. Since the CCD was treated
acutelywith dynasore, it was unlikely that dynasore treatment changed
the protein expression of BK channels. Therefore, results suggest that
inhibition of MAPK activates BK channels by suppressing endocytosis
and also via a mechanism other than blocking endocytosis.
4. Discussion
The main ﬁnding of the present study is that WNK4 inhibits BK-α
by activating ERK and p38 MAPK. The reason for studying the effect of
WNK4 on BK-α rather than on both BK-α and β-asubunits is that un-
derstanding the effect of WNK4 on BK-α alone would provide impor-
tant information regarding the role of the speciﬁc β-subunit in
modulating WNK4's inhibition of BK channels. Therefore, the present
study sets a stage for the further experiments to explore the role of0
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Fig. 6. Expression of dominant negative dynamin diminishes WNK4's inhibition of BK channels. (A) A whole-cell recording shows the effect of expression of dominant negative
dynamin (DynK44A) on K currents in the cells transfected with BK-α and HA-WNK4. (B) A bar graph summarizes the results of experiments in which K currents at 80 mV were
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2107P. Yue et al. / Biochimica et Biophysica Acta 1833 (2013) 2101–2110WNK4 in regulating BK channels in PC and IC, respectively. We have
previously demonstrated that inhibition of ERK and P38 MAPK in-
creased not only the BK channel numbers but also the channel open
probability in PC of the rat CCD [16]. The stimulatory effect of MAPK
on BK channels was PC-speciﬁc because inhibition of MAPK failed to
increase the BK channel numbers in IC. Therefore, the results suggest
that BK channel activity in PC may be constitutively suppressed by
endogenous MAPK. In the present study, we have shown that
WNK4 stimulates ERK and P38 phosphorylation, an effect was absent
in cells transfected with SGK1 or WNK4S1169/1196D, suggesting that
SGK1 abolished the effect of WNK4 on MAPK by phosphorylation of
WNK4. Expression of WNK4 has been shown to activate ERK MAPK
in the cultured distal convoluted cell lines (mDCT) [43]. The mecha-
nism by which WNK4 activates MAPK is not completely understood.WNK4 has been shown to activate Ste20-related protein kinase such
as proline-alanine-rich Ste20-related kinase (SPAK) [29,32] and
Ste20-related kinases play a role in activating MAPK cascade [36]. Al-
though ROMK channels are inhibited also by both WNK4 and MAPK
[2], inhibition of MAPK failed to abolish the inhibitory effect of
WNK4 on ROMK channels. This suggests that WNK4-induced inhibi-
tion of ROMK channels is not due to the stimulation of ERK and P38
MAPK.
BK channels are also highly expressed in IC [24] and possibly in-
volved in ﬂow-dependent K secretion [17]. However, inhibition of
MAPK did not change the BK channel numbers in IC [16]. We speculate
that unlike the BK channels in PC, the BK channels in IC are not consti-
tutively inhibited by MAPK. This could be the results of different
β-subunits which are expressed and interacted with BK-α subunit in
BK
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able dynamin inhibitor, onK currents in the cells transfectedwithBKαor BKα + HA-WNK4 in thepresence of or absence of PD + SB. (B)A bar graph summarizes the results of experiments in
which K currents (80 mV) were measured with perforated whole-cell recording in the cells transfected with BKα or BKα + WNK4 with different treatments as indicated.
2108 P. Yue et al. / Biochimica et Biophysica Acta 1833 (2013) 2101–2110PC and IC, respectively [10]. Consequently, the BK channels in IC might
not be regulated byMAPK. The role ofβ-subunit inmodulating BK chan-
nel function in IC has been shown by a recent study inwhich deletion of
β-4 subunit expressed in IC diminished K secretion in animals fed
high-K alkaline diet [4]. The possibility that BK channels in IC are not
regulated byMAPK orWNK4may also explain the ﬁnding that increasing
ﬂow rate in the distal nephron induced by application thiazide
diuretics largely abolished hyperkalemia in patients with familial
hyperkalemic hypertension [38]. Considering thatWNK4 should inhibit
both ROMK and BK channels in PC, it is possible that BK channels in IC
are responsible for the ﬂow-stimulated K secretion. Therefore, the
ﬂow-stimulated K secretion is spared in patients with WNK4 PHAII
mutation.
In the present study, we demonstrated that inhibition of dynamin
with dynasore or expression of the dominant negative dynamin largely
abolished the inhibitory effect of WNK4 on BK channels. Although it is
possible that WNK4 decreases the BK channels in HEK293T cells, at
least in part, by enhancing endocytosis, it is far from certain that such
a mechanism plays a role in vivo. In this regard, it has been reported
that WNK4's inhibition of BK channels expressed in COS7 cells was
not affected by expressing the dominant negative dynamin [44]. Thus,
experiments in vivo are required to test whether WNK4 or MAPK canincrease BK channel endocytosis in the native renal tubules. However,
the observation that inhibition ofMAPK further increased the BK channel
activity in the cells treated with dynasore suggests strongly that activa-
tion of the BK channels induced by inhibition of ERK and P38 MAPK
was also the result of other than suppressing endocytosis. Since similar
results were also observed in the native CCD in which inhibition of
MAPK activated BK channels in PC treated with dynasore, activation of
MAPK decreases the expression of BK channels in the plasmamembrane
by a mechanism other than stimulating endocytosis.
Fig. 9 is a scheme illustrating the mechanism by which WNK4
inhibits BK channels. WNK4 stimulates ERK and p38 MAPK activity
thereby inhibiting BK channels. On the other hand, SGK1 reverses
WNK4-induced inhibition of BK channels by phosphorylating WNK4.
The physiological signiﬁcance of the present ﬁnding is to illustrate the
role ofWNK4 in the regulation of renal K secretion. Under normal dietary
K intake, ROMK channels are mainly responsible for mediating apical K
secretion [11]. However, increasing dietary K intake is expected to en-
hance K secretion through both ROMK and the BK channels in the apical
membrane [22]. Increasing dietary K intake has been shown to increase
SGK1 activity and to suppress the Src-family protein tyrosine kinase
(SFK) [40]. Because SGK1 is expected to increase WNK4's phosphoryla-
tion at serine 1169 and 1196 [30,31] during increasing dietary K intake
Fig. 8. Inhibition of MAPK activates BK channels in PC of the CCD treated with dynamin inhibitor. A single channel recording shows the effect of PD + SB on the BK channels in
principal cell of the rat CCD treated with dynasore (5 nM) for 20 min. The top trace shows the slow time course while two parts of the trace indicated by the numbers are extended
to show the fast time resolution. The experiments were performed in a cell-attached patch and the holding potential was 0 mV. The channel closed level is indicated by C.
2109P. Yue et al. / Biochimica et Biophysica Acta 1833 (2013) 2101–2110which decreases SFK activity [42], HK intake should attenuate WNK4-
induced inhibition of both ROMK and BK channels in PC. Indeed, the
BK channel number in PC is increased in the CCD of animals on a HK
diet [16]. Thus, activation of BK channel in PC may be partially in-
volved in mediating the HK-induced stimulation of renal K secretion.
Hyperkalemia has been shown to suppress Na/Cl cotransporter
thereby inhibiting Na absorption in the distal convoluted tubule and in-
creasing Na delivery to the collecting duct [8]. A high Na delivery to the
collecting duct not only increases the driving force for K secretion but
also augments the tubule ﬂow rate thereby increasing ﬂow-stimulated
and BK-dependent K secretion in the collecting duct. Because BK
channels in IC are not regulated by ERK and P38 MAPK, WNK4 may
not have an effect on the ﬂow-stimulated K secretion taking place
in IC. We conclude that WNK4 inhibited BK channels in PC by stimu-
lating phosphorylation of ERK and P38 MAPK. Moreover, inhibitingWNK4
P-ERK p-P38 MAPK
BK channels
P-WNK4S1169/S1196
SGK1
P-ERKp-P38 MAPK
BK channels
+
+ +
Fig. 9. A scheme illustrating the mechanism by which WNK4 inhibits BK channels. A
dotted line or gray font indicates a diminished signaling.MAPK-induced increase in BK channel activity is achieved by sup-
pressing endocytosis and via a mechanism other than decreasing
the internalization of the K channels.
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